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Abstract 
Background 
Adolescent idiopathic scoliosis is a complex three-dimensional deformity, involving a lateral 
deformity in the coronal plane and axial rotation of the vertebrae in the transverse plane. 
Gravitational loading plays an important biomechanical role in governing the coronal deformity, 
however, less is known about how they influence the axial deformity. This study investigates the 
change in three-dimensional deformity of a series of scoliosis patients due to compressive axial 
loading. 
Methods 
Magnetic resonance imaging scans were obtained and coronal deformity (measured using the 
coronal Cobb angle) and axial rotations measured for a group of 18 scoliosis patients (Mean major 
Cobb angle was 43.4o). Each patient was scanned in an unloaded and loaded condition while 
compressive loads equivalent to 50% body mass were applied using a custom developed 
compressive device.  
Findings 
The mean increase in Major Cobb angle due to compressive loading was 7.4o (SD 3.5o). The most 
axially rotated vertebra was observed at the apex of the structural curve and the largest average 
intravertebral rotations were observed toward the limits of the coronal deformity. A level-wise 
comparison showed no significant difference between the average loaded and unloaded vertebral 
axial rotations (intra-observer error = 2.56o) or intravertebral rotations at each spinal level. 
Interpretation 
This study suggests that the biomechanical effects of axial loading primarily influence the coronal 
deformity, with no significant change in vertebral axial rotation or intravertebral rotation observed 
between the unloaded and loaded condition. However, the magnitude of changes in vertebral 
rotation with compressive loading may have been too small to detect given the resolution of the 
current technique.   
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Introduction 
Adolescent idiopathic scoliosis (AIS) is a complex three dimensional deformity of the spine, 
involving an abnormal lateral spinal curvature in the coronal plane and an axial rotation of the 
spinal vertebrae and ribcage in the transverse plane. AIS is the most common spinal deformity, 
affecting 2-4% of the population (American National Scoliosis Foundation) and predominantly 
girls. Clinically, the severity of the coronal deformity is measured using a Cobb angle (Cobb, 1948) 
from 2D plane radiographs. However, it has been shown that lateral and axial motions of the adult, 
non-scoliotic spine are biomechanically coupled (Panjabi et al 1976) and the three dimensional 
nature of AIS is such that both curve progression as well as surgical correction of the coronal 
deformity is intrinsically related to reduction of the axial (rotational) deformity.  The axial 
rotational component of scoliosis has long been known to be of key importance in governing the 
three dimensional deformity of the scoliotic curve (Birchall et al., 2005).  
In the adolescent spine, the coronal deformity is typically right-sided – the apex of the curve in the 
coronal plane is deviated towards the right side of the torso and in the transverse plane, the 
vertebrae are rotated toward the right. Janssen et al. (Janssen et al., 2011) have recently shown that 
in the normal, non-scoliotic, adolescent spine, the thoracic vertebrae from T6-T12 demonstrate 
significant axial rotation to the right. This suggests there is a pre-existing rotation of vertebrae prior 
to the development of the scoliotic deformity and as such, that there is a predisposition for the 
scoliotic spinal deformity to develop according to the existing rotational pattern of the developing 
spine.  
Cobb angle has been shown to decrease when the spine is supine compared to standing (Adam et 
al., 2008, Torell et al., 1985), demonstrating the important biomechanical role played by 
gravitational loads on the spine in governing the coronal deformity. With respect to the axial 
rotation of the vertebrae, previous researchers have measured the axial vertebral rotation (Aaro and 
Dahlborn, 1981, Cobb, 1948, Nash and Moe, 1969, Perdriolle and Vidal, 1985) and have shown that 
vertebrae at the apex of the scoliotic curve demonstrate the largest axial rotation from the neutral 
position (Birchall et al., 1997, Dickson et al., 1984).  
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While a recent study has investigated the effect of gravitational loading on axial vertebral rotation 
in normal subjects (Janssen et al., 2010), little is known about how the scoliotic axial deformity 
changes with gravitational loading on the spine and how this subsequently influences the overall 
spinal deformity. Surgical correction of scoliosis aims to reduce both the coronal and axial 
deformity but to improve the effectiveness of treatment techniques, an improved understanding of 
the biomechanics of both the coronal and axial deformity is necessary.  
 
Using a novel compression device, the current study investigates the change in three dimensional 
spinal deformity for a series of AIS patients subjected to axial compressive loads along the length of 
their torso, while simultaneously undergoing supine magnetic resonance imaging (MRI) scans. The 
change in vertebral axial rotation and structural Cobb angle due to a simulated gravitational load 
equivalent to 50% of the patient’s body weight was measured and these data used to better 
understand the effect of axial loading on the three dimensional spinal deformity in scoliosis. 
 
Methods 
 
MRI scans were obtained and coronal deformity and axial rotations measured for a group eighteen 
AIS patients from the Mater Children’s Hospital Paediatric Spinal Clinic in Brisbane, Australia. 
Patient details are shown in Table 1. The mean age was 14.8 years (SD 2.3 years, range 7.6-18.2 
years). The mean major Cobb angle was 43.4o (range 20o-64o) and of the 18 patients, 16 of these 
demonstrated a major thoracic curve (Lenke Type 1 or 3, (Lenke et al., 2001)) and two a major 
curve in the thoracolumbar spine (Lenke Type 5, (Lenke et al., 2001)). All except patient 3 (Table 
1) were right curves. Clinical measurements for rib hump were obtained using a Scoliometer and 
patient flexibility data was available for only eight of the 18 patients. Flexibility of the scoliotic 
curve was assessed clinically using the Fulcrum Bending Radiograph (Cheung and Luk, 1997), 
which is a clinical measurement indicative of the relative flexibility of a patient prior to surgery. 
Fulcrum flexibility, FF, is expressed as the percentage reduction in pre-operative Cobb angle while 
the patient lays over a fulcrum compared to the pre-operative standing Cobb angle (Table 1, see 
next page). 
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Table 1.  Patient details 
Patient Age (years) 
Height 
(cm) 
Weight 
(kg) 
Major 
Coronal 
Cobb angle 
(degrees) 
Fulcrum 
Flexibility (%) 
Rib hump 
(degrees) 
1 12.8 165.0 55.8 20  8 
2 16.2 164.5 63.0 42  14 
3 16.1 148.0 51.8 40  8 
4 14.3 171.0 59.1 44 70 8 
5 12.5 152.3 37.6 33  12 
6 14.9 166.5 57.3 64 64 20 
7 14.2 161.0 49.0 50 49 15 
8 7.6 159.5 61.0 58 48 12 
9 16.0 168.5 61.5 38  10 
10 14.6 164.0 45.5 58 74 13 
11 14.4 164.0 63.5 38 71 12 
12 13.4 166.0 58.6 40  15 
13 16.0 164.0 56.8 35  15 
14 16.9 168.0 65.8 35  18 
15 15.9 164.0 52.5 42  10 
16 17.1 175.5 75.5 60 70 18 
17 18.2 160.0 72.0 46 72 14 
18 15.0 165.0 60.0 38  15 
 
 
Figure 1.  Custom designed compression device, showing patient in position before the scan has commenced and 
radiographer. 
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Compression Device 
The in vivo compression device was custom developed and has previously been described (Adam et 
al., 2010) so only brief details will be provided here. The compression device was designed to apply 
a user-specified compressive load along the length of a patient’s torso, while they lay supine in an 
MRI scanner (Figure 1). The device was controlled remotely and was manufactured from non-
metallic materials to ensure no interference with the MRI scanning procedure.  The compression 
device consisted of; a neoprene vest which was fitted to the patients torso; knee supports to ensure 
the patients knees did not hyper-extend; nylon straps connecting the vest to a polyurethane 
footplate; and a custom developed non-metallic, pneumatic actuator which applied a compressive 
load between the patient’s shoulders and sacrum. The compression device had a working load range 
of 0-500N. 
Patient MRI imaging 
Of the available imaging modalities, MRI was chosen as it does not expose the patient to ionizing 
radiation, has been previously used for assessment of adolescent spinal deformity (Birchall et al., 
2005, Birchall et al., 1997, Peer et al., 1994, Redla et al., 2001, Wessberg et al., 2006) and allowed 
the three dimensional osseous anatomy of the spinal column to be reconstructed. Once patient 
consent was obtained (ethics approval was sought to conduct this study and granted by the Mater 
Hospital Research Ethics Committee), each patient was scanned in both an unloaded and loaded 
condition using a Siemens Sonata 1.5T scanner (Siemens AG, Munich, Germany). The MRI 
protocol was a T1 turbo spin echo sequence with acquisition time of 9 minutes per sequence and the 
region acquired was 21x28x8cm with 1.1mm isotropic voxel resolution. This acquisition window 
size was sufficient to capture only the vertebrae in the major scoliotic curve. Patients were supine, 
with the pelvis in a neutral position and the three dimensional imaging window was defined to 
include the thoracic and upper lumbar spine (approximately T1 – L1).  
After the unloaded scan was performed, a compressive load equivalent to 50% of the patient’s body 
weight was applied and maintained for five minutes (Wessberg et al., 2006). This ensured 
relaxation of the spinal soft tissues prior to imaging. Following this, the loaded scan was 
commenced and the compressive load maintained for the duration of the scan.  
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Image analysis – Coronal plane deformity 
 
To assess the change in coronal plane deformity due to application of the compressive load, the 
unloaded and loaded MRI scans for each patient were reformatted using ImageJ (National Institutes 
of Health, USA). For each patient, two reformatted images were generated to represent both the 
unloaded and the loaded condition. The images showed a projection along an axis perpendicular to 
the coronal plane of the MRI slices, with each pixel representing the median intensity at that pixel 
location on all slices in the MRI dataset (Figure 2). Cobb angle (Cobb, 1948) was measured on each 
reformatted image using clinical data for the limits of the structural curve (Figure 2).  
The difference between the loaded and unloaded measured Cobb angle was determined for each 
patient and using these data, the relationship between the change in Cobb angle and the clinically 
measured standing Cobb angle was determined using linear regression. This comparison highlighted 
the relationship between load induced changes in Cobb angle and the degree of spinal deformity.  
The structural curve is the region of the spine with an intrinsic lateral curvature rather than a 
deformity related to a muscle/ligament imbalance. The structural curve includes the vertebrae 
within the spinal deformity which is clinically measured using the Cobb angle. The change in 
endplate inclination for the vertebrae at the cephalic (superior) and caudal (inferior) limits of the 
structural curve, respectively, was calculated for the unloaded and loaded images (Figure 2). These 
data were used to assess which regions of the spinal deformity were most flexible (Hasler et al., 
2010). Correlation between the change in endplate inclination and the fulcrum flexibility (for a 
subset of eight patients, Table 1) was investigated to highlight whether the relative change in 
superior and inferior endplate inclination due to compressive loading is indicative of patient 
flexibility. Also correlation between the change in endplate inclination and the change in Cobb 
angle was determined to assess whether patient flexibility (as measured by the fulcrum bending 
radiograph) influences the load induced changes in coronal Cobb angle during supine MRI imaging. 
Linear regression parameters and correlation co-efficients were determined using Matlab v7.5.0 
Statistics Toolbox (The Mathworks Inc, Natick, MA). 
-8- 
 
Figure 2.  Reformatted coronal plane images showing the a) unloaded and b) loaded thoracic spine for patient 
18. Cobb angle is measured between T5 and T11 for this patient. θ = unloaded Cobb angle and θ = loaded Cobb 
angle; β and β= endplate inclination at the cephalic (superior) limit of the deformity for the unloaded and 
loaded spine, respectively; µ and µ’= endplate inclination at the caudal (inferior) limit of the deformity for the 
unloaded and loaded spine, respectively. 
 
Image analysis – Vertebral axial rotation 
Using custom developed image processing software (Little and Adam, 2009), reformatted MRI 
slices were obtained for each vertebrae in the structural curve. For each patient, reformatted images 
were manually defined showing the plane of the superior and inferior endplates of each vertebra 
when unloaded and loaded. The use of reformatted images avoided the angulation errors associated 
with measurements from transverse slices.  
Vertebral rotations were measured using a custom developed algorithm implemented in ImageJ 
(Adam and Askin, 2006). Rotation measurements were carried out for both the unloaded and loaded 
endplate images. Each reformatted endplate image was imported into ImageJ and the outer, 
transverse profile of the osseous endplate manually selected. This selection was used to create a 
binary image of the endplate. This symmetry based algorithm calculated vertebral rotations relative 
b a 
θ θ' 
β 
µ 
β' 
µ' 
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to the co-ordinate system of the MRI scanner bed, with a line perpendicular to the scanner bed 
representing a 90o symmetry line through the spine. Refer to supplementary data (image 2, online 
version) for examples of the reformatted endplate images, manually defined endplate profile and 
binary image of the endplate. 
Vertebral axial rotations were calculated as the difference between the loaded and unloaded 
endplate rotation and the symmetry line, with a negative vertebral rotation denoting a rotation to the 
right in the plane of the endplate. By comparing the vertebral axial rotation of the superior and 
inferior endplates of individual vertebra, a measure of the intrinsic (torsional) deformation present 
within each vertebra may be determined (Birchall et al., 1997). As such, intravertebral rotations 
were calculated as the difference between the vertebral rotation of the superior and inferior 
endplates of each vertebra and followed the same sign convention as the vertebral rotation values. 
To determine the intra-observer measurement variability, vertebral axial rotations were measured on 
three separate occasions by a single observer, for endplates in the apical vertebra and the two 
adjacent vertebrae. 
The vertebral location within the spine was numbered relative to the apex of the scoliotic curve, 
with the apical vertebra represented as zero, vertebrae cephalic to the apex as positive increments 
from the apex and vertebrae caudal to the apex as negative increments from the apex. These 
increments were further subdivided according to superior (S) and inferior (I) endplates for each 
vertebra. If the apex of the scoliotic major curve was an intervertebral disc, the vertebra inferior to 
this was denoted as the apex. A paired, student t-test with a 5% significance level was performed to 
compare the unloaded and loaded axial vertebral rotations and intravertebral rotations at each spinal 
level (Matlab v7.5.0 Statistics Toolbox). Aaro and Dahlborn (Aaro and Dahlborn, 1981) found the 
vertebral axial rotation at the apex of the structural curve was significantly correlated with the 
clinically measured rib hump index. To investigate this relationship in the current study, for each 
patient a correlation co-efficient was used to compare the clinically measured rib hump angle (Table 
1) with both the unloaded and loaded vertebral rotation at the apex (0S). 
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Results 
Coronal Deformity 
Average values for the unloaded Cobb angle, loaded Cobb angle and clinically measured Cobb 
angle are shown in Table 2 and graphically in Figure 3. The average increase in Cobb angle 
following compressive loading was 7.4o (SD 3.5o) (Table 2). With the exception of patient two, 
Cobb angle always increased when the axial compressive load was applied (Figure 3) (p<0.05).  
 
Table 2.  Data for the unloaded Cobb angle, loaded Cobb angle, clinically measured Cobb angle and change in 
Cobb between unloaded and loaded, averaged for all 18 patients. 
 
 Average (
o) Standard deviation (o) 
Unloaded Cobb angle 40.4 8.9 
Loaded Cobb angle 47.8 9.6 
Change in Cobb angle 
(Loaded – Unloaded) 7.4 3.5 
Clinical Cobb angle 
(Standing X-ray) 
43.4 11.1 
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Figure 3.  Comparison of clinical Cobb angle with the unloaded and loaded Cobb angle measured from 
reformatted MRI images. Error bars (5o) represent the accepted clinical measurement variability in Cobb angle 
(Vrtovec et al., 2009). 
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Linear regression showed there was no statistically significant relationship between the change in 
Cobb angle and the clinically measured standing Cobb angle.  
In this series of 18 patients, 72% demonstrated a larger change in inferior endplate inclination (for 
the vertebra at the caudal limit of the structural curve) compared to superior endplate inclination 
(for the vertebra at the cephalic limit of the structural curve) due to compressive loading. When the 
change in inclination of the superior and inferior vertebrae were compared between the unloaded 
and loaded images, the average increase in inclination of the superior endplate after loading was 
2.5o and the inferior endplate was twice this value with an average increase of 5o. The correlation 
co-efficient between the change in Cobb angle and the superior endplate inclination was not 
significant (r=0.37, p>0.1) but was significant for the inferior endplate inclination (r=-0.75, 
p<0.001). A weak significant correlation (r=-0.636, p<0.1) was also found between the fulcrum 
flexibility and the change in inclination of the inferior endplate, although this correlation calculation 
was based on a reduced sample size (n=8, Table 1).  
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Figure 4.  Average vertebral axial rotation. The endplate location within the spinal column was numbered with 
respect to the apex of the curve, with the apex represented as zero and negative increments representing 
endplates in a caudal direction from the apex. S = superior endplate, I=inferior endplate. No significant 
difference (p=0.05) between the unloaded and loaded rotation was found, except for spinal levels 4S, -3S and -4S 
(*). NB. Patient #3 was removed from this comparison since this patient was the only left-sided curve. 
* 
* 
* 
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The mean absolute intra-observer error for vertebral rotation measurements was 2.56o and the 
standard deviation for the difference was 3.6o. The most axially rotated vertebra was observed at the 
apex of the structural curve, with vertebral axial rotation diminishing in a caudal and cephalic 
direction from the apex (Figure 4). This trend was the case for both the unloaded and loaded 
rotations. The average vertebral rotation was in a direction toward the convexity (for a right-sided 
curve, to the right according to the stated sign convention) of the coronal deformity for the three 
spinal levels either side of the apex and beyond this location the vertebral rotation changed direction 
(Figure 4). A level-wise comparison showed no significant difference between the average 
unloaded and loaded axial vertebral rotations, except for -4S (p=0.05). 
Refer to supplementary data (image 1, online version) for a figure showing individual variations in 
the vertebral endplate axial rotation due to compressive loading, for each patient in the study.  
Comparison of the unloaded and loaded axial vertebral rotations at the apex of the curve 
(normalized level 0S) with the clinically measured rib hump angle, demonstrated average values of 
11.1o (unloaded), 11.6o (loaded) and 13.2o  (rib hump) respectively, for all patients. A patient-wise 
comparison between rib hump angle and both the unloaded and loaded vertebral rotation showed a 
significant correlation between rib hump and the unloaded rotation at the 10% significance level 
and with the loaded rotation at the 5% significance level.  
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 Figure 5.  Average intravertebral rotation at each spinal level 
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The largest average intravertebral rotations were observed toward the limits of the coronal 
deformity and approached zero at the apex of the curve (Figure 5). While there was a general trend 
for the loaded intravertebral rotations to exceed the unloaded rotations in spinal levels cephalic to 
the apex and the opposite was observed caudal to the apex, a student t-test showed no significant 
difference (p=0.05) between the unloaded and loaded intravertebral rotations at each spinal level. 
Note that the difference in average vertebral axial rotation and average intravertebral rotation 
between the unloaded and loaded condition was consistently less than the average intra-observer 
error (Supplementary data, image 3). Since the limits for each patient’s coronal deformity varied, 
only the normalized spinal levels from 3S to -3S included data for all 18 patients. Results expressed 
for spinal levels 5S and 5I included only three and six patients, respectively (Supplementary data, 
image 3). 
 
Discussion 
 
The current study sought to investigate how compressive axial loading influences changes in the 
three dimensional deformity for a series of AIS patients. To this end, magnetic resonance imaging 
was used in combination with in vivo axial loading to characterize the change in spinal deformity 
under compressive load. Load induced changes in coronal plane deformity, vertebral axial rotations 
and intravertebral rotations are important to advance our understanding of the biomechanics of 
scoliosis and this knowledge may in turn influence clinical decisions made regarding treatment 
modalities and pre-surgical planning. 
In this study we applied an axial compressive load of 50% of body weight to each patient. This was 
intended to approximate relaxed standing, however it is noted that there are several differences 
between a supine axial load applied in this manner and actual gravitational loading in the standing 
position. Firstly, the supine axial load is equally applied to the whole thoracolumbar spine (because 
the load is exerted through the shoulder straps and resisted through the footplate of the compression 
device) whereas in standing the gravitational load increases cranio-caudally along the spine. 
Secondly, the supine position exerts asymmetric contact pressures between the scanner bed and the 
patient’s torso, which will tend to derotate the deformity somewhat due to the prominence of the rib 
hump on the convex side of the scoliotic curve. Finally, it is also noted that the vertebral rotations 
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were measured relative to the global co-ordinate system, rather than relative to an anatomical 
reference such as the pelvis or sacrum – this was a necessary limitation due to the size of the MRI 
acquisition window. Even so, patient motion between the unloaded and loaded scans should have 
been minimal since the scans were performed consecutively without repositioning the patient on the 
scanner bed.  
Nevertheless, the axially loaded supine position allows a well defined biomechanical loading case 
in which muscle activation is minimal – minimal muscle activation is evidenced by the fact that all 
patients in the study were able to maintain the axially loaded supine position for the two successive 
nine minute MRI scans without discomfort or any tendency to fatigue during the acquisition. We 
also note that the mean increase in mean Cobb angle of 7.4o on application of the compressive load 
is consistent with the findings of Torell et al (Torell et al., 1985) (9o) and the loaded Cobb angle 
measured in the current study was within the clinically accepted measurement variability of 5o 
(Vrtovec et al., 2009) compared to the clinically measured Cobb angle during relaxed standing.  
Measurements presented in this study were dependant on the 1.5T MRI scan resolution (1.1mm 
voxel size) and the ability of the observer to segment osseous tissues from MRI slices and 
reformatted images. However, the intra-observer error  for vertebral axial rotations in this study 
(mean 2.56o, SD 3.6o) was comparable to that of previous studies (mean absolute difference 2.56o) 
(Birchall et al., 1997) who have found the use of MRI to be an accurate and reproducible method 
for patient-specific assessment of vertebral rotations. We suggest that the use of 3T MRI scans in 
future studies may allow higher resolution imaging and possibly reduce the measurement 
variability.  
Curve flexibility is a critical factor in governing the degree of deformity correction which may be 
achieved surgically and current clinical methods for determining patient flexibility define an overall 
‘global’ value for spinal flexibility (ie. a single flexibility value for an entire scoliotic curve). 
Previous studies have shown that patient flexibility parameters such as the Fulcrum Flexibility are a 
good indication of the degree of correction which may be achieved surgically (Hay et al., 2008). 
However, there is still more to be learned regarding the complex relationship between an individual 
patient’s flexibility measure (ie. clinically stiff or flexible) and the curve (deformity) severity, the 
curve correction achievable surgically and the best approach to achieving the optimum reduction in 
deformity.  
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Results presented in the current study show that the vertebra at the caudal limit of the structural 
curve demonstrate a larger change in rotation in the coronal plane than the cephalic vertebra under 
compressive loading. Moreover, this change in rotation was significantly correlated with the change 
in Cobb angle due to compressive loading and for a subset of patients (n=7), it was significantly 
correlated with the clinically measured Fulcrum Flexibility. This result suggests that caudally the 
structural curve is more flexible. It is noted that this study group included only seven patients, 
however, this result still provides a preliminary indication of the relationship between these 
parameters.  
The cartilaginous and soft tissue connections between the ribcage and the vertebrae/intervertebral 
discs provide stability and stiffness to the spinal column (Watkins 4th et al., 2005). The ribcage 
itself draws its stiffness from the vertebra-rib-sternum connections, which provide structural support 
anteriorly. The 12 ribs are subdivided into the true ribs (T1 to T7), which have direct connections to 
the sternum via the costal cartilage, and the floating ribs (T8 to T12); of which the upper three 
floating ribs (T8 to T10) connect to the sternum via a common section of cartilage and the 
lowermost two floating ribs (T11 and T12) have no connection to the sternum (Gray, 1918). Of the 
18 patients in the current study, 14 of these demonstrated either T11 or T12 vertebra at the caudal 
limit of the structural curve. As such, the apparent increased flexibility of the scoliotic deformity 
caudally may be a result of the attachment between these vertebrae and the lowermost two floating 
ribs, which do not have a direct connection to the structural support provided by vertebra-rib-
sternum connection.  
With regard to axial vertebral rotation, the observed trend for vertebrae at the apex of the curve to 
demonstrate the largest magnitude of axial rotation, with diminishing rotations cephalic and caudal 
to the apex, is in keeping with the findings of Birchall et al. (Birchall et al., 2005, Birchall et al., 
1997), Dickson (Dickson et al., 1984) and Adam et al. (Adam et al., 2008). Similarly, the increase 
in intravertebral rotation in a cephalic and caudal direction from the apex has been observed in 
previous studies (Adam et al., 2008, Birchall et al., 1997). While the scoliotic deformity includes 
both a coronal plane and an axial deformity, cosmetically this is observed as a rib hump and chest 
wall asymmetry. As was the case for the study carried out by Aaro and Dahlborn (Aaro and 
Dahlborn, 1981), results from the current study showed a significant correlation between the 
clinically measured rib hump angle and the axial vertebral rotation of the apical vertebra, both for 
the unloaded and loaded spine.  
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The findings of this study suggest that the biomechanical effects of axial loading primarily 
influence the coronal deformity, with no significant change in vertebral axial rotation or 
intravertebral rotation observed between the unloaded and loaded conditions (see Figure 4 and 
Supplementary data, image 3). However, given the intra-observer vertebral rotation measurement 
error of 2.56o, it is noted that changes in vertebral rotation with compressive loading may have been 
too small to reliably detect given the resolution and measurement accuracy of the current technique.  
Despite the lack of statistical significance, we note the clear trend in Figure 4 where for endplates 
caudal to the apex (-1S, -1L, -2S, -2L, -3S, -3L), axial loading slightly reduces overall vertebral 
rotation, whereas for endplates cranial to the apex of the major curve (2L, 2S, 3S), axial loading 
slightly exacerbates the vertebral rotation. In the vicinity of the apical vertebra (0L, 0S, 1L, 1S), 
there is no clear pattern.  
Intravertebral rotations are representative of the intrinsic, torsional deformation present within each 
vertebra and were observed in vertebrae for all patients in this study, suggesting that these rotations 
are characteristic of all scoliotic curves (Birchall et al., 2005). These results demonstrate that the 
cumulative axial torsion of the vertebrae caudal to the apex is greater than that cephalic to the apex 
for both the unloaded and loaded spine. 
For the magnitudes of compressive loading applied in this study (50% of body weight), we did not 
expect to see any change in intravertebral rotation with axial loading, because deformation of the 
vertebral bodies would be expected to be negligible. While the comparison of unloaded and loaded 
intravertebral rotation in Figure 5 suggests that there were changes of several degrees in mean 
intravertebral rotation between loaded and unloaded scans, these were not statistically significant. 
The findings of this study provide insight into how axial loads on the thoracolumbar spine influence 
the three dimensional deformity which characterizes AIS. With an improved understanding of the 
biomechanical nature of scoliosis and the influence of simulated gravitational loads on the scoliotic 
spine, surgical strategies may be optimized to achieve the best possible reduction in spinal 
deformity. 
-17- 
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Supplementary Data 1: Axial vertebral rotation (in degrees) at each endplate level for each 
individual patient in the study.   **Note that Patient #3 was the only left-sided major 
curve – all other patients had right-sided coronal curves 
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Supplementary Data 2: Reformatted images of the superior (a, b) and inferior (d, e) endplates 
of the T7 vertebra for patient #18, showing the manually selected transverse profile for 
each endplate (b, e). Each transverse profile is used to create a binary image of the 
endplate (c, superior and f, inferior) and the vertebral rotation measured (Adam and 
Askin 2006). (gray broken line = 90o symmetry line relative to the scanner bed) 
a b c 
d e f Positive vertebral rotation 
Negative vertebral rotation 
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Normalized Vertebral 
Level 
Difference in Rotation between 
Loaded and Unloaded Number of observatio
ns 
included 
in the 
average 
(n) 
Vertebral 
Axial 
Rotatio
n 
(degree
s) 
Intravertebral 
Rotatio
n 
(degree
s) 
5 Superior -2.10 1.83 3 
 Inferior -0.80  6 
4 Superior 1.34 -0.96 14 
 Inferior 0.05  15 
3 Superior -0.72 -0.16 18 
 Inferior -0.88  18 
2 Superior 0.02 -0.64 18 
 Inferior -0.62  18 
1 Superior 0.40 -0.24 18 
 Inferior 0.72  18 
0 Superior -0.50 0.63 18 
 Inferior 0.13  18 
-1 Superior 0.19 -0.24 18 
 Inferior -0.06  18 
-2 Superior 0.86 0 18 
 Inferior 0.86  18 
-3 Superior 1.94 -1.74 18 
 Inferior 0.17  17 
-4 Superior 2.62 -3.4 9 
 Inferior -0.94  7 
 
Supplementary data 3: Difference in the average rotation between the loaded and unloaded 
(Loaded value – unloaded value) for the vertebral axial rotation and the intravertebral 
rotation. 
 
